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PHYSICAL REVIE%' A VOLUME 49, NUMBER 2 FEBRUARY 1994
Theoretical studies of the K-shell Auger spectrum of atomic oxygen
H. P. Saha
Department ofPhysics, University of Central Florida, Orlando, Florida 32816-2385
(Received 4 October 1993)
A very recent experimental observation of the K-shell Auger spectrum in atomic oxygen has been
verified theoretically by a calculation using the multiconfiguration Hartree-Fock method. Results ob-
tained for the energies of each of the observed transitions are in excellent agreement with the experimen-
tal measurements. In addition, energies have been determined for the excited-state resonances of the
type 1s~2p and the subsequent excited states to which these excitations decay. Relative intensities cal-
culated for each of these transitions are found to be in excellent agreement with experiment.
PACS number{s}: 32.80.Hd, 32.30.—r
The inner-shell absorption in atomic oxygen represents
a major new development in the state-of-the-art calcula-
tion of Auger processes in the atoms in the first row of
the periodic table using the multiconfiguration Hartree-
Fock (MCHF) technique. Even experimental data on the
Auger effect in the first-row elements boron through
fluorine are strongly lacking. Very recently, Caldwell
and Krause [I] performed an experimental analysis of the
E-shell Auger spectrum of atomic oxygen. Working at
the University of Wisconsin Synchrotron Radiation
Center, they measured the Auger spectrum following re-
moval of a 1s electron at 590 eV, well above the known E
edge of molecular oxygen at 543.2 eV. They were able to
isolate and identify 10 features of the atomic Auger spec-
trum and determine both energies and relative intensities
of each of these 10 features. This work represents an
effort to reproduce the spectrum theoretically and deter-
mine which features of the configuration interaction play
the most important role in the calculation of energy lev-
els and intensities for this very important atom.
Theoretical calculations of the Auger spectrum of an
open-shell atom such as oxygen are complicated by the
fact that the correlation energy contributions are large
and thus play an important role in the determination of
the energy. We employ in this work the
multiconfiguration Hartree-Fock method [2], which pro-
vides an excellent tool for the successive inclusion of
terms which finally reflect the important contributions to
the energy levels. We calculate the spectrum as a func-
tion of the multiplet terms occurring in both the initial
and the final states. Beginning with a simple Hartree-
Fock scheme, we then successively add configurations in
such a way as to examine closely the dynamics of the
configuration-interaction (CI) effects in the different
states. We include configurations with ns, np, nd, and nf
electrons to account for all the electron correlation. The
Auger spectrum is determined from the differences be-
tween the energies obtained for each of the initial and
final states.
In what follows we will present three sets of calcula-
tions, a Hartree-Fock calculation (a), in which electron
correlation is neglected, and two multiconfiguration
Hartree-Fock calculations, (b) and (c), of increasing com-
plexity. In calculation (b) all possible configurations for
each of the states generated through the single and dou-
ble replacement of the two outermost orbitals with the
excited orbitals 3s, 3p, and 3d were included. All excited
radial functions were varied, including the 2s and 2p or-
bitals of the core. In calculation (c) the set of electrons
defining the configuration states was extended by 4s, 4p,
4d, and 4f orbitals. The MCHF calculation was then
performed by varying all the seven excited radial func-
tions outside the core. Because of the large number of
configuration states involved in the expansion (c) for
some of the states with configurations 1s2s 2p and
1s 2s 2p, the MCHF calculation was restricted to a set
of configurations whose mixing coefficients are greater
than 0.002. Once the radial functions had been deter-
mined by the MCHF method for these restricted expan-
sions, a configuration-interaction calculation was per-
formed for the full set. The results of the different calcu-
lations are presented in Table I. Here are listed the total
energies of the different states involved in the Auger tran-
sition calculated with the three different wave-function
expansions, along with the number of configurations in
the MCHF expansions (b) and (c).
Because of the hole in the initial 0+ states and the final
0 + states of the Auger decay, there are many couplings
possible in the Auger states. As a result, many excited
configurations contribute to the electron correlation. No-
tice that the largest number of configurations involved
was 624 in the MCHF expansion for the Auger state
(ls ' D). A comparison of the total energies in the
different sets provides a qualitative understanding of the
electron correlation effects on the different Auger states.
It is seen from Table I that electron correlation reduces
the energy of each of the states in calculation (b). Notice
that the energies are further lowered in the expansion (c).
In Table II are given energy positions for each of the
transitions relative to the position of the most intense
peak in the atomic spectrum, chosen in the experimental
work I1] as an appropriate zero. Also included in the
Table are the energies of the Auger transitions obtained
in the experiment and those tabulated by Moore [3]. The
absolute energy for the transition 1s P~2p2p P ob-
tained by experiment is 495.7(3) eV, which is in excellent
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agreement with the best calculated value, 494.588 eV.
From Table II it is seen that even the HF results show
reasonable agreement with the experimental results ex-
cept for the transitions 1s P~2p2p S and
1s P~2s2p 'D, where the differences are large. In the
former the difference is more than 25%%uo, whereas in the
later it is 5.5%. The effect of correlation in the expansion
(b) reduces the differences between the theory and the ex-
periment except for the transition 1s P~2p2p P. Com-
parison between the results obtained with sets (b) and (c)
shows that the agreement with the later expansion is
better. Table II also shows that the best results, (c), are
in excellent agreement with the experimental measure-
ment [l] and also with the results from Moore [3] for
each of the Auger transitions.
Experimentally, Auger decay was observed solely from
the initial states of 0+ ( P) and ( P). Auger transitions
are also possible from the decay of 0+ ( D) and ( S)





1s P ~2s2p S
1s P~2s2p D
1s P ~2s2p P
1s ~P~2s2p 1D
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Decays for which energies are not listed had no intensity in the experiment; experimental errors are given in Table III.
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states, which could not be observed in the experiment, a
not surprising result when one considers the fact that the
ionization occurred solely from the P ground state of the
oxygen. Theoretically, we calculated the relative posi-
tions of the Auger spectra from these two D and S
states, and these are also reported in Table II, in addition
to those resulting from nonradiative decay of the P and
P initial states. Further experimental work with ioniza-
tion from a mixture of all possible initial states of the ox-
ygen would be desirable in order to verify the theoretical
predictions. All other relative energies for which experi-
mental results are not available are, however, in excellent
agreement with the data from Moore [3].
Finally, in order to check the convergence of the total
energy of some of the states, we extended the calculation
further than expansion (c) to include the configuration
states generated from the excited orbitals 5s, 5p, 5d, and
5f. We found that the total energy changes at most in
the third decimal place. This observation shows that the
relative energy converged very well with calculation (c).
In Table III we compare the energies for each of the tran-
sitions with the available theoretical results obtained by
Armen and Larkins [4] and Chen [5]. Larkins performed
Hartree-Fock calculation of energies for each of the
Auger transitions. His results are similar to our present
Hartree-Fock values. Our Hartree-Fock results for the
energies are very close to his results, but when compared
to the present best MCHF calculations, his results show
differences with the present results, the maximum
differences being found for the two transitions
ls P~2s2p'S and ls P~2s2p 'D. Chen [5] made a
multiconfiguration Dirac-Fock (MCDF) calculation for
the energies of the components of the Auger spectrum of
atomic oxygen. His calculations included initial-ionic-
state and final-ion-state configuration interaction and in
intermediate coupling but no final continuum channel
coupling. His results are lower than the present best re-
sults except for a transition 1s "P~2s2p 'S where his re-
suits are higher. It is also seen from Table III that his re-
sults are also lower than those obtained by Armen and
Larkins for each of the transitions. Nicolaides and Beck
[6] calculated the Auger energy for the transition
1s2s 2p P~ ls 2p P
of atomic oxygen. They obtained accurate results by
combining theoretical values of the total energies and the
1s electron binding energy, which include the effects of
electron correlation and relativity, with experimental op-
tical data for the binding energy of the valence electrons.
Their Auger energy for this transition was 460.5 eV,
which is in excellent agreement with the experimental
value, 460.75 eV, and compares very well with the
present result, 459.28 eV. Comparison of energies ob-
tained in this work for the components of the Auger
spectrum of atomic oxygen with other existing theoreti-
cal results presented in Table III shows that the present
results are in best agreement with the experiment and
also with the optical data obtained from Moore.
%e also calculated the Auger width for each of the
transitions. From the width we calculated the relative in-
tensity for each component of the Auger spectra. The
procedure adopted in the present investigation is to deter-
mine the MCHF wave functions for the 0+(ls ') P and
P states using wave functions of each of the decaying
O + ions separately as input, keeping the core wave func-
tions of the 0 + ions the same for the initial state. The
corresponding continuum wave functions for each of the
decaying states are determined in the single configuration
formed with the respective 0 + ionic states and they are
made orthogonal with the excited virtual orbitals. These
continuum wave functions are then used to determine the
widths of the spectral features. Table IV compares the
relative intensities of the Auger spectrum of oxygen cal-
culated in the MCHF approximation with experiment
and with other available theoretical results. The results




1s P ~2p2p P
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'Taken from the Moore tables with the experimental splitting of 4.87 eV added.
'The experimental energy for this transition is 495.7(3) eV.
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are presented relative to the 1s P —+2s2p D transition.
It is found that the present results for each of the transi-
tions agree very well with experiment. The theoretical
results obtained by Chen [5] using MCDF approxima-
tions are lower for a few transitions and higher for oth-
ers. Petrini and de Araujo [7] calculated relative intensi-
ties of Auger spectrum of oxygen using the eigenchannel
method. Their results for several transitions are closer to
the present results and experiment than those obtained by
Chen.
Very recently, experiments by Caldwell and co-workers
[8) isolated the
ls 2s 2p ( P)~ls2s 2p ( P)
excitation in atomic oxygen at 527.2 eV and observed its
radiationless decay. We performed calculations for the
wave function and energies of the resonance state
1s2s 2p P and its corresponding Auger ionic final
states. We included configurations generated by the sin-
gle and double replacement of all the orbitals with the ex-
cited orbitals 3s, 3p, 3d, 4s, 4p, 4d, and 4f. A large num-
ber of configurations contributed to the energies of the
resonance state and its corresponding Auger final states.
To obtain the intensities of the resonance Auger spec-
trum, we follow the same procedure as adopted in the
calculation of the Auger spectrum of atomic oxygen. We
performed the MCHF calculations for the wave functions
of the resonance state using the wave functions of each of
the 0+ ions to which the resonance state decays as input
and keeping the core wave functions of different 0+ ion
states the same for the resonance state. The continuum
wave functions corresponding to each of the Auger decay
states were calculated in the single configuration of
respective 0+ ions and then used them to calculate the
resonance Auger width for each of the transitions. The
energies and the relative intensities of each of the reso-
nance Auger transitions are displayed in Table V. Exper-
imental results [8] are included for comparison. It is
found that the resonance Auger energies for each of the
transitions obtained in the MCHF approximation are in
excellent agreement with the experiment. The relative in-
tensities are also compared with experiment in the same
table. The experimental results [8] are available relative
to the
1s2p 2p P~ls 2s 2p D
TABLE V. Oxygen 1s~2p resonance Auger energies and relative intensities.













































The uncertainty in the absolute measured kinetic energies is +0.2 eV.
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transition. Theoretical results are also presented relative
to this transition. From the Table it is found that present
results for relative intensities agree very well with the ex-
periment.
The present calculation of the Auger spectrum of
atomic oxygen suggests that, in order to obtain accurate
results for the Auger transition energies, electron correla-
tions must be taken into account very carefully. Al-
though Auger transition energies obtained in the HF cal-
culation shown in Table III agree reasonably well with
the experiment except for the iwo transitions mentioned,
inclusion of electron correlation makes the theoretical
and the experimental Auger transition energies very close
to each other. In the calculation of relative intensities, it
is important to use the different ionic state wave func-
tions for the core of the initial ionic states of the reso-
nance state to calculate the widths of different Auger de-
cays. In the case of resonance Auger decay electron
correlations are found to be extremely important in both
the initial resonance state and the final ionic states. The
agreement between the present result and the experiment
shows that the effect of electron correlation, which is ex-
tremely important in the present calculation of energies
and relative intensities, has been taken into account accu-
rately.
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